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Abstract
We discuss the coherent photo- and leptoproduction of vector mesons from
deuterium at intermediate (virtual) photon energies, 3GeV <∼ ν <∼ 30GeV .
These processes provide several options to explore the space-time evolution
of small size quark-gluon configurations. Furthermore, we study the depen-
dence of the production cross section on the energy and momentum transfer
t due to variations of the finite longitudinal interaction length. Kinematic
regions are determined where the production cross section is most sensitive
to the final state interaction of the initially produced hadronic wave packet.
For unpolarized deuteron targets this double scattering contribution can be
investigated mainly at large values of the momentum transfer t. For polar-
ized targets kinematic windows sensitive to double scattering are available
also at moderate t. We suggest several methods for an investigation of color
coherence effects at intermediate energies.
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I. INTRODUCTION
High-energy exclusive production processes from nucleon targets are determined by the
transition of initial partonic wave functions to final hadronic states. Interesting details
about the corresponding amplitudes can be obtained by embedding the production process
into nuclei, where the formation of a particular hadron is probed via the interaction with
spectator nucleons (for recent reviews see e.g. [1]).
In this context we discuss the coherent photo- and leptoproduction of vector mesons from
unpolarized as well as polarized deuterium at photon energies ν>∼3GeV (qµ = (ν, q) is the
photon four-momentum and Q2 = −q2):
γ(∗)+
(→)
d −→ V + d. (1)
The corresponding amplitudes can be split into two pieces: a single scattering term in which
only one nucleon participates in the interaction, and a double scattering contribution. In
this double scattering term the (virtual) photon interacts with one of the nucleons inside
the target and produces an intermediate hadronic state which subsequently re-scatters from
the second nucleon before forming the final state vector meson.
At small Q2<∼1GeV 2 and intermediate energies, 3GeV <∼ν<∼30GeV , exclusive vector me-
son production from deuterium is well understood in terms of vector meson dominance. Here,
as seen from the laboratory frame, the final state vector meson is formed prior to the in-
teraction with the target (for a summary and references see e.g. [2]). On the other hand in
the limit of large Q2 ≫ 1GeV 2 perturbative QCD calculations show that photon-nucleon
scattering produces a small-sized color singlet quark-gluon wave packet (ejectile) instead
of a soft vector meson [3].1 At large energies ν the re-scattering of such an ejectile with
the second nucleon should differ substantially from the re-scattering of a soft vector meson.
Therefore the magnitude of the double scattering contribution to the production process con-
tains interesting informations about the initially produced ejectile and its evolution while
propagating through the target.
The ejectile wave packet and its propagation are characterized by the following scales:
the average transverse size of the wave packet which for the case of longitudinal photons
is bej ≈ 4 . . . 5/Q for the contribution of the minimal Fock space component at Q2>∼5GeV 2
[6]. For these Q2 it amounts to less than a third of the typical diameter of a ρ-meson
(≈ 1.2 fm). Furthermore, the initially produced small quark-gluon wave packet does not,
in general, represent an eigenstate of the strong interaction Hamiltonian. Expanding the
ejectile in hadronic eigenstates one finds that inside a nuclear target all hadronic compo-
nents, except the measured vector meson, are filtered out via final state interaction after a
typical formation time: τf ≈ 2ν/δm2V . Here δm2V is the characteristic difference of the
squared masses of low-lying vector meson states which is related to the inverse slope of the
corresponding Regge trajectory (δm2V ∼ 1GeV 2). If the formation time is larger than the
nuclear radius the coherence between the hadronic eigenstates, which describe the ejectile, is
1 Note that this decrease of the “size” of the virtual photon at large Q2 has been already suggested
before the advent of QCD (see e.g. Refs. [2,4,5]).
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kept on the scale of the target dimensions. Then the transverse size of the ejectile is frozen
during its penetration through the target. Contributions from re-scattering processes should
therefore decrease with rising Q2 at large photon energies. This phenomenon is commonly
called color coherence or color transparency [1].
However, it has been understood for more than twenty years that dominant contributions
to high-energy, photon-induced processes result from large longitudinal space-time intervals
which increase with energy [7–9]. As soon as they are of the order of the average nucleon-
nucleon distance in nuclei nuclear effects become important. A well known experimental
confirmation of this fact can be found in nuclear deep-inelastic scattering at small values of
the Bjorken scaling variable x = Q2/2Mν, where M is the nucleon mass. Here the increase
of the longitudinal interaction distance ∼ 1/2Mx (see e.g. [10]) which dominates the reaction
at small x leads to the leading twist shadowing of parton distributions in nuclei at x≪ 0.1
(for a recent review see Ref. [11]).
For diffractive vector meson production from nuclei the situation is similar. Here the
characteristic longitudinal interaction length2 λ ≈ 2ν/(m2V + Q2) is determined by
the minimal momentum transfer, tmin = −1/λ2, required for the diffractive production of
the vector meson with invariant mass mV . In the kinematic domain of intermediate photon
energies ν<∼ 30GeV and Q2>∼1GeV 2, which is accessible for example at HERMES, λ is of the
order of typical nuclear dimensions and can have a major influence on the scattering process.
Note that for Q2 > 3GeV 2 the same is true even for large photon energies ν<∼150GeV
as available at FNAL. Therefore if one investigates the double scattering contribution to
diffractive vector meson production in different kinematic regions one should be careful in
interpreting a variation of the re-scattering strength as a modification of the ejectile wave
function. First, possible effects arising from a variation of the characteristic longitudinal
interaction length have to be investigated. For total production cross sections and differential
cross sections at small momentum transfers, t ≈ 0, they are accounted for in the framework of
the Glauber multiple scattering theory [2,12–14]. However, as we will show, Glauber theory
does not reproduce the proper longitudinal interaction length in vector meson production at
t 6= 0, since it neglects nuclear recoil effects which turn out to be important for light nuclei.
The privileged use of deuterium as a target has several reasons: first the deuteron is
the simplest bound state of nucleons and therefore the “best” understood nucleus. Its
wave function is known within a few percent accuracy at least up to internal momenta
<∼400MeV/c, and further insights on the high momentum tail of the deuteron wave function
are expected from current experiments at MAMI, NIKHEF and TJNAF. This provides many
possibilities to investigate double scattering processes on different characteristic length scales
using for example polarized targets or tagging on specific break-up proton-neutron final
states.
Note that in inclusive vector meson production from heavy nuclei the formation length
is larger than the size of the nuclear target only at large photon energies. This makes an
analysis of color coherence effects at moderate energies more difficult. Also many exclusive
channels in vector meson production from heavy nuclei suffer from theoretical uncertainties
related to the more complicated final state interaction of the detected hadrons.
2 A detailed discussion of the t-dependence of λ is presented in Sec.IIIC.
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This paper is organized as follows: in Sec.II we review the derivation of the single and
double scattering amplitudes for diffractive vector meson production. The differential pro-
duction cross section for coherent processes is derived in Sec.III. There, after showing
evidence for double scattering events, we discuss effects due to the kinematic dependence
of the finite longitudinal interaction length and suggest corresponding experiments feasi-
ble at TJNAF and HERMES. We then propose signatures for color coherence at large and
moderate momentum transfers suitable for investigations at HERMES. Conclusions follow
in Sec.IV
II. PHOTON-DEUTERON SCATTERING AMPLITUDE
In view of the high energy of the incident photon we derive the vector meson production
amplitude within the eikonal approximation. This can be done for coherent as well as
incoherent diffractive production processes. In the next section we then focus on the coherent
case. The following notations are used: pµd = (Md, 0) is the deuteron four-momentum in the
laboratory frame which we will use throughout this investigation. The final state proton-
neutron system with invariant mass Mf is either a deuteron or a proton-neutron continuum
state (pn). Its four-momentum is denoted by p′d. Furthermore, q
µ = (ν, 0⊥,
√
Q2 + ν2) and
kV are the momenta of the incident photon and the produced vector meson, respectively.
They determine the momentum transfer to the deuteron, lµ = (l0, l) = q
µ − kµV .
In the impulse approximation the vector meson is produced either from the proton or
the neutron. The corresponding diagram is shown in Fig.1a. In a non-relativistic treatment
of the deuteron target and the final pn system we obtain for the single scattering amplitude:
F (a) = f γ
∗p→V p(l)Sjj
′
df
(
−l⊥
2
,
l
2
)
+ f γ
∗n→V n(l)Sjj
′
df
(
l⊥
2
,− l
2
)
. (2)
Here only the dependence of the photon-nucleon production amplitudes f γ
∗N→V N on the
corresponding three-momentum transfer is shown explicitly. Furthermore we have intro-
duced the non-relativistic transition form factor (the corresponding relativistic expression is
given in Appendix A):
Sjj
′
df (l) =
∫
d3k ψjd
(
k +
l
2
)
ψj
′†
f
(
k − l
2
)
=
∫
d3r ψjd(r)ψ
j′†
f (r)e
−il·r , (3)
where ψjd is the wave function of the deuteron target with spin quantum numbers j, and ψ
j
f
′
denotes the wave function of the final pn system with spin j′. Bound state wave functions
are normalized according to
∫
d3k |ψd(k)|2 = 1, while two-nucleon continuum wave functions
obey
∫
d3k ψPf (k)ψ
P ′+
f (k) = δ
3(P − P ′), where P and P ′ are the momenta of the pn state
with energy E = P 2/2M . Throughout the paper all amplitudes are normalized according
to ImfV N→V N(l = 0) = σV N , the latter being the total vector meson-nucleon cross section.
Here and in the following we temporarily suppress the spin dependence of the scattering
amplitudes. Note that Eq.(2) corresponds to the well known result of Refs. [15,16] except
for the presence of l = l0− lz =
√
M2f + l
2−Md− lz in the form factor. The latter accounts
for the recoil of the two-nucleon system (see Appendix A).
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In the double scattering contribution the vector meson is produced via an intermediate
hadronic state h as shown in Fig.1b. The corresponding amplitude reads:
F (b) = −
∫ d3psd3p′s
(2π)3
ψjd (−ps)
f γ
∗p→hp(l⊥ − k⊥) k0h fhn→V n(k⊥)
Dh(q − l + k)
×ψj′†f
(
l⊥
2
− k⊥ − ps⊥,− l
2
+ k − psz
)
+ (p↔ n). (4)
where ps and p
′
s are the four-momenta of the spectator nucleon before and after the re-
scattering of the intermediate hadronic state h and k = p′s − ps. Similar to single scattering
we account for the recoil of the two-nucleon final state (see Appendix A, Eq.(A6)). Note
that in the derivation of Eq.(4) completeness over the two-nucleon intermediate states has
been used.
The intermediate state h carries an invariant mass mh and a four-momentum kh =
kV + k = q − l + k. Its propagator leads to the denominator Dh(kh) = k2h − m2h + iǫ.
In Eq.(4) we have assumed that the diffractive amplitudes f depend on the corresponding
transverse momentum transfer only. This is justified by the fact that momenta characteristic
for bound nucleons have negligible effects on the amplitudes f . Consequently the light-cone
momentum l− enters effectively only in the form factor and propagator of the intermediate
hadronic state. After introducing P = (p′s + ps)/2 one can factorize the integrations in (4)
and obtains:
F (b) = −
∫
d3k
(2π)3
Sjj
′
df
(
−l⊥
2
+ k⊥,
l
2
− k−
)
f γ
∗p→hp(l⊥ − k⊥) k0h fhn→V n(k⊥)
Dh(q − l + k) + (p↔ n). (5)
Substituting −l/2 + k → k leads to:
F (b) = −
∫ d3k
(2π)3
Sjj
′
df (k⊥,−k−)
f γ
∗p→hp( l⊥
2
− k⊥) k0h fhn→V n( l⊥2 + k⊥)
Dh(q − l2 + k)
+ (p↔ n). (6)
Within the non-relativistic approximation for the initial and final proton-neutron system
the denominator of the intermediate hadron can be reduced to:
Dh(q − l
2
+ k) =
(
q − l
2
+ k
)2
−m2h + iǫ
≈ 2k0h
[
k− − l
2
− (
l
2
− k)2
2ν
− Q
2 +m2h
2ν
+ iǫ
]
, (7)
where only leading terms with respect to the photon energy are kept. The denominator
in Eq.(7) can be simplified further using the empirical fact that diffractive amplitudes can
be parameterized by f(k) ∼ e−B2 k2 , with a typical slope of B ∼ (5 − 8)GeV −2 depending
on Q2 and ν [2,17]. Consequently, at large photon energies we can neglect the term ( l
2
−
k)2/2ν<∼1/Bν. Furthermore we omit k0 ≈ k2⊥/2M which is small due to the transition form
factor in Eq.(6) which favors contributions from k2⊥ ≈ 0. Substituting Eq.(7) into Eq.(6)
gives:
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F (b) = −
∫ d3k
2(2π)3
Sjj
′
df (k)
f γ
∗p→hp( l⊥
2
− k⊥)fhn→V n( l⊥2 + k⊥)
−kz −∆h + iǫ + (p↔ n), (8)
with ∆h =
l
2
+
Q2 +m2h
2ν
=
Q2 + 2m2h −m2V + t
4ν
. (9)
Performing the kz-integration leads to:
F (b) =
i
2
√
2π
∫
d2k⊥
(2π)2
dzΘ(−z)Sjj′df (k⊥, z) ei∆hz
×f γ∗p→hp
(
l⊥
2
− k⊥
)
fhn→V n
(
l⊥
2
+ k⊥
)
+ (p↔ n), (10)
where the transition form factor in the mixed representation is defined via:
Sjj
′
df (k⊥, kz) =
1√
2π
∫
dz Sjj
′
df (k⊥, z)e
−ikzz. (11)
Adding explicitly the contribution where first the neutron and then the proton interacts
gives:
F (b) = F˜ (b) +∆F (b), (12)
with:
F˜ (b) =
i
2
∫
d2k⊥
(2π)2
Sjj
′
df (k⊥,−∆h)f γ
∗p→hp
(
l⊥
2
− k⊥
)
fhn→V n
(
l⊥
2
+ k⊥
)
, (13)
∆F (b) =
i
2
√
2π
∫
d2k⊥
(2π)2
dzΘ(z) × (14)
[
Sjj
′
df (−k⊥, z)e−i∆hzf γ
∗n→hn
(
l⊥
2
− k⊥
)
fhp→V p
(
l⊥
2
+ k⊥
)
− Sjj′df (k⊥, z)ei∆hzf γ
∗p→hp
(
l⊥
2
− k⊥
)
fhn→V n
(
l⊥
2
+ k⊥
)]
.
Since ∆F (b) is only a small correction to F˜ (b) we neglect in the former the difference between
the proton and neutron amplitudes. For specific target polarizations the form factor Sjj
′
df is
invariant under rotations in the transverse plane, i.e. Sjj
′
df (−k⊥, z) = Sjj
′
df (k⊥, z). Then one
obtains:
∆F (b) = − 1√
2π
∫ d2k⊥
(2π)2
∆Sjj
′
df (k⊥,−∆h) f γ
∗N→hN
(
l⊥
2
− k⊥
)
fhN→V N
(
l⊥
2
+ k⊥
)
, (15)
with
∆Sjj
′
df (k⊥,−∆h) =
∫
dzΘ(z)Sjj
′
df (k⊥, z) sin (−∆hz) . (16)
It is important to note that the double scattering amplitude in Eq.(12) explicitly includes
the energy and momentum dependence of the longitudinal photon interaction length. It
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therefore differs form the corresponding amplitude derived for hadron-deuteron scattering
processes [18]. In addition, the derived single (2) and double scattering amplitude (12)
account for the recoil of the final pn system which is not included in the conventional
approach of Ref. [18]. The results of the latter can be obtained from Eqs.(2) and (12) after
neglecting recoil effects by taking the limit ∆h → 0 and replacing γ∗ → h = V .
Collecting the results for single (2) and double scattering (12) and summing over all
possible intermediate hadronic states h gives for the vector meson production amplitude:
F jj
′
df = F
(a) + F (b) = f γ
∗N→V N(l)
[
Sjj
′
df
(
−l⊥
2
,
l
2
)
+ Sjj
′
df
(
l⊥
2
,− l
2
)]
+
i
2
∑
h
∫ d2k⊥
(2π)2
f γ
∗N→hN
(
l⊥
2
− k⊥
)
fhN→V N
(
l⊥
2
+ k⊥
)
×
[
Sjj
′
df (k⊥,−∆h) +
2i√
2π
∆Sjj
′
df (k⊥,−∆h)
]
. (17)
To investigate the production process in different kinematic domains it is useful to express
the transition amplitude f γ
∗N→hN in a hadronic basis for the incoming virtual photon (see
e.g. [8,12]):
f γ
∗N→hN =
∑
h′
< 0|ǫγ∗ · Jem|h′ > dτh′
Eh′ − ν f
h′N→hN , (18)
where ǫγ∗ is the polarization vector of the virtual photon and J
em is the electromagnetic
current. Eh′ denotes the energy of the intermediate hadronic state h
′ and dτh′ stands for
the corresponding phase-space factor. The hadronic representation in (18) is based on
the existence of a spectral representation for the electromagnetic scattering operator [19].
Inserting Eq.(18) into the amplitude (17) leads to:
F jj
′
df =
∑
h′
< 0|ǫγ∗ · Jem|h′ > dτh′
Eh′ − ν f
h′N→V N (l)
[
Sjj
′
df
(
−l⊥
2
,
l
2
)
+ Sjj
′
df
(
l⊥
2
,− l
2
)]
+
i
2
∑
h′,h
∫
d2k⊥
(2π2)2
< 0|ǫγ∗ · Jem|h′ > dτh′
Eh′ − ν f
h′N→hN
(
l⊥
2
− k⊥
)
fhN→V N
(
l⊥
2
+ k⊥
)
×
[
Sjj
′
df (k⊥,−∆h) +
2i√
2π
∆Sjj
′
df (k⊥,−∆h)
]
. (19)
Although the amplitude in Eq.(19) cannot be calculated explicitly in a model independent
way, it reveals three different energy domains of the production process.
The first region corresponds to intermediate photon energies and low momentum trans-
fers Q2<∼1 GeV 2. Here contributions to the scattering amplitude (19) from intermediate
states h′ with large invariant masses m′h are suppressed by large energy denominators:
Eh′ − ν ≈ m
2
h′ +Q
2
2ν
. (20)
The possible restriction to small mass intermediate states leads to the vector meson domi-
nance (VMD) model (for a review see e.g. Ref. [2]).
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At high energies but fixed Q2 contributions from intermediate hadronic states with large
masses (m2h′ ≫ Q2) are important. They are usually described through the triple reggeon
formalism [20].
The third kinematic domain corresponds to large momentum transfers, Q2 ≫ 1 GeV 2,
and small values of x ≪ 1/4MRA, where RA is the radius of the target nucleus. Here it is
legitimate to use closure over intermediate hadronic states h and h′ and substitute in (19)
the sums over hadronic states by a quark-gluon wave packet which can be calculated within
perturbative QCD. For example in the case of longitudinally polarized photons at large Q2
short distance dominance leads to the interaction of a color-dipole, quark-antiquark pair
with small transfer size [3,6,21,22].
We want to investigate the Q2-dependence of the re-scattering amplitude in the kine-
matic domain 0 < Q2 < 10GeV 2 and moderate photon energies, such that closure over
intermediate hadronic states as discussed above is not applicable. To account for effects
which result from the kinematic dependence of the effective longitudinal interaction length
we perform a baseline calculation within the framework of vector meson dominance. We
then consider processes which are sensitive to re-scattering, but to a good approximation
independent from the initial production process. Thus we obtain signatures for color co-
herence and avoid uncertainties which result from modeling the transition amplitudes for
intermediate hadronic states.
III. COHERENT VECTOR MESON PRODUCTION
In the remainder of the paper we focus on the coherent production of vector mesons, i.e.
the deuteron target stays intact. Note that our results can be easily generalized to vector
meson production with deuteron break-up, as well as to exclusive pion production processes,
like γ∗ + d→ π− + pp, where color coherence effects can also be explored [23].
Before we discuss specific reactions suited to investigate re-scattering processes, we re-
mind on basic features of the leptoproduction cross section and vector meson dominance.
A. Differential cross section and vector meson dominance
The coherent vector meson production amplitude in (virtual) photon-deuteron inter-
actions can be obtained from Eqs.(17) and (19) if one requires the final pn state to be a
deuteron (f = d). If the polarization of the vector meson is not observed the leptoproduction
cross section reads:
dσs,mm
′
ld→lV d
dQ2dνdtdφ
=
ΓV
32π2
Lµν
(
F ρµF
†
νρ
)s,mm′
. (21)
Here we have specified the spin quantum numbers which were labeled in the previous section
by j and j′. The index s specifies the deuteron spin quantization axis and m, m′ = 0,±1 are
the corresponding spin projections of the target before and after the scattering, respectively.
The four-momenta of the incoming and scattered lepton are kµe = (Ee,ke) and k
µ′
e = (E
′
e,k
′
e).
Lµν = 1
2
Tr(kˆ′eγ
µkˆeγ
ν) stands for the leptonic tensor with kˆ = kµγ
µ, neglecting terms pro-
portional to the lepton mass.
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Furthermore, φ denotes the angle between the lepton scattering plane defined by the
momenta ke and k
′
e, and the vector meson production plane determined by the photon and
vector meson momenta q and kV . Finally, ΓV is related to the flux of the virtual photon:
ΓV =
αem
2π
K
Q2
1
E2e
1
1− ǫ, (22)
where αem = 1/137 is the electromagnetic coupling constant, K = ν(1 − x), and ǫ =
(4EeE
′
e −Q2)/(2(E2e +E ′2e ) +Q2) specifies the photon polarization. Multiplying the tensor
Fµρ in (21) with the polarization vectors of the incident photon and the produced vector
meson yields the photoproduction amplitude Fd = ǫ
µ
γ∗Fµνǫ
ν
V from Eqs.(17) and (19).
The differential cross section (21) is often written in terms of structure functions with
definite helicity [24]. For this purpose the following photon polarization vectors are intro-
duced:
ǫµ± = ∓
1√
2
(0, 1,±i, 0) , (23)
ǫµ0 =
1√
Q2
(√
ν2 +Q2, 0⊥, ν
)
. (24)
Note that in the above definitions the z-axis has been chosen parallel to the photon momen-
tum. The differential cross section can then be written as:
dσs,mm
′
ld→lV d
dQ2dνdtdφ
=
ΓV
32π2
(
σs,mm
′
T + ǫ σ
s,mm′
L − ǫ cos(2φ) σs,mm
′
TT +
√
ǫ(1 + ǫ) cos(φ) σs,mm
′
TL
)
. (25)
Here the different structure functions are defined as:
σs,mm
′
T =
1
2
(
F ρ+F
†
+ ρ + F
ρ
−F
†
− ρ
)s,mm′
,
σs,mm
′
L =
(
F ρ0F
†
0 ρ
)s,mm′
,
σs,mm
′
TT =
(
ReF ρ+F
†
− ρ
)s,mm′
,
σs,mm
′
TL =
(
ReF ρ0 (F+ ρ − F− ρ)†
)s,mm′
, (26)
where F s,mm
′
λρ = ǫ
µ
λF
s,mm′
µρ , with the helicity λ = 0,+,−.
The leptoproduction cross section (25) is connected to the virtual photoproduction cross
section via:
dσs,mm
′
γ∗d→V d
dtdφ
=
1
ΓV
dσs,mm
′
ld→lV d
dQ2dνdtdφ
. (27)
If the cross section is integrated over the azimuthal angle φ the helicity flip structures σTT
and σTL drop out and we end up with:
dσs,mm
′
γ∗d→V d
dt
=
1
16π
(
σs,mm
′
T + ǫσ
s,mm′
L
)
. (28)
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It is an experimental fact that in vector meson production from free nucleons at small
|t| the helicity of the vector meson is, to a good approximation, equal to the helicity of
the incoming photon [25]. Assuming this so-called s-channel helicity conservation for both
amplitudes f γ
∗N→hN and fhN→VN in (17) yields3 σTT = σTL = 0. The helicity conserving
structures σT and σL in (26) can be calculated from the photon-deuteron amplitude in
Eq.(17) if the nucleon amplitudes f γ
∗N→hN and fhN→V N are specified. Here this is done
within the framework of the vector meson dominance model, where the electromagnetic
current which enters in (19) is represented by vector meson fields (see e.g. [2] and references
therein):
Jemµ =
∑
V
√
παemm
2
V
gV
δ(m2h′ −m2V )Vµ, (29)
where Vµ (V = ρ, ω, φ) stands for the vector meson field with invariant mass mV and
coupling constant gV . Combining Eqs.(18),(20) and (29) yields the vector meson production
amplitude for transversely polarized photons:
f γ
∗
T
N→V N =
∑
V ′
√
αemπ
gV ′
m2V ′
m2V ′ +Q
2
fV
′
T
N→V N ≈
√
αemπ
gV
m2V
m2V +Q
2
fVTN→V N . (30)
In the following we neglect off-diagonal transitions V ′N → V N . In analogy with the sup-
pression of inelastic diffraction to π′ states in diffractive pion-nucleon scattering, πN → XN ,
they are expected to be small. Furthermore, since the deuteron is an isosinglet the diag-
onal approximation is justified in the kinematic region where vector meson dominance is
applicable at least for coherent ρ-production due to the different isospin of the ρ- compared
to the ω- and φ-meson. Consequently, the diagonal approximation is exact for single scat-
tering contributions while off-diagonal contributions are expected to be small for double
scattering.4
In vector meson dominance the production amplitude for longitudinally polarized virtual
photons is related to the corresponding amplitude for transverse photons by (see e.g. [24]):
f γ
∗
L
N→V N = ξ
√
Q2
mV
f γ
∗
T
N→V N , (31)
where the ratio of the longitudinal to transverse vector meson-nucleon amplitude is denoted
by ξ = fVLN→V N/fVTN→V N .
It remains to fix the amplitude f γ
∗
T
N→V N . We concentrate on diffractive ρ-production
and use for explicit calculations the parameterization:
f γ
∗
T
N→V N = σγ∗ρ(i+ α)e
B(Q2)
2
t, (32)
3The quality of s-channel helicity conservation can be investigated according to (25) by out-of-
plane measurements.
4 Note that at large Q2 non-diagonal transitions to states with invariant masses m2h<∼Q2 are
important and are supposed to lead to color transparency.
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where t ≈ −k2t . In real photoproduction at ν = 17GeV one finds typically σγρ ≈ 68µb
[2]. For the slope B(Q2) we use the empirical values [2,17]: B(Q2 < 1GeV 2) = 7GeV −2,
B(1GeV 2 < Q2 < 2GeV 2) = 6GeV −2 and B(2GeV 2 < Q2 < 10GeV 2) = 5GeV −2. The
ratio of real to imaginary part of the production amplitude in (32) is fixed at α ≈ −0.2, and
we use ξ2 = 0.5 [2]. The ρN -amplitude is then obtained from Eq.(30) using the slope B ≈
8 GeV −2. Note that at intermediate energies the real part of the scattering amplitudes for
proton and neutron targets are not exactly the same. We omit this difference since coherent
vector meson production from deuterium is dominated by isospin averaged amplitudes.
In the following we consider the photoproduction cross section (28). It is determined
by the square of the production amplitude Eq.(17). In the framework of vector meson
dominance the latter is given explicitly in Appendix B.
B. Evidence for double scattering
Our main goal is to find kinematic domains where the vector meson production cross
section is sensitive to the re-scattering amplitude (Fig.1b). First however let us recall that
there is experimental evidence for double scattering which is theoretically well understood.
In Fig.2 we show data on coherent photoproduction of ρ-mesons from unpolarized deuterium
measured at SLAC [26,27] for a photon energy ν = 12GeV . We compare the experimental
data with results obtained from Eqs.(28) and (30).
It is evident that vector meson dominance successfully describes the measured data.
Furthermore, one observes for −t>∼0.4GeV 2 significant contributions from double scatter-
ing. Here the single scattering (Born) contribution as well as the contribution from the
interference of single and double scattering become less important. At −t > 0.6GeV 2 the
differential cross section is entirely controlled by double scattering.
The importance of double scattering at large transfered momenta can easily be under-
stood investigating the corresponding amplitudes in (2) and (12). At large |t| single scatter-
ing is suppressed through the large momentum transfer which enters in the deuteron form
factor. In double scattering, however, the transfered momentum is shared between both
interacting nucleons. Therefore re-scattering probes the deuteron form factor at moderate
momenta even at large |t|. In the present analysis we restrict ourselves to |t| < M2d where
corrections due to relativistic components in the deuteron wave function are expected to be
small.
In the following we discuss further options to probe double scattering contributions.
Especially polarized deuterium targets provide various possibilities for their investigation as
we will demonstrate. Before focusing on signatures for color coherence we investigate effects
sensitive to the characteristic longitudinal interaction length of the production process.
C. Finite longitudinal interaction length
As already mentioned in the introduction high-energy (virtual) photon-induced processes
are dominated by contributions from large longitudinal space-time intervals which increase
with the energy of the incident photon. For coherent vector meson production the charac-
teristic distances can be extracted from the production amplitude in Eq.(17) after a Fourier
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transformation into coordinate space. The obtained length scales are to a good approxima-
tion inversely proportional to the longitudinal momentum transfers which enter in the form
factors in Eq.(17). For single scattering one finds:
δ(a)z ∼
∣∣∣∣∣ 1l−
∣∣∣∣∣ = 2νQ2 +m2V − t , (33)
while for double scattering one gets:
δ(b)z ∼
∣∣∣∣ 1−2∆V
∣∣∣∣ =
∣∣∣∣∣ 2νQ2 +m2V + t
∣∣∣∣∣ . (34)
Note that if the deuteron recoil is neglected the longitudinal interaction length for single
scattering reads:
δ(a)z ∼
∣∣∣∣ 1lz
∣∣∣∣ = 2νQ2 +m2V − t− νt/Md
ν→∞−−−→ 2Md/ |t| , (35)
which for t 6= 0 becomes a constant at high energies. This contradicts our basic under-
standing of high-energy photon-induced processes being controlled by longitudinal distances
which increase with the photon energy ν [7–10].
At intermediate energies where characteristic longitudinal interaction distances are of
the order of the target size, δ(a)z , δ
(b)
z ∼ 〈r2〉1/2d , a strong energy dependence of the cross
section is expected. In momentum space this can be traced back to the sensitive momentum
dependence of the deuteron form factor which enters the production amplitude (17).
For a quantitative investigation we consider the ρ-meson photoproduction cross section
(28) for an unpolarized deuterium target using proper longitudinal interaction distances
(33, 34) as they appear in the scattering amplitude (17), normalized by the cross section
calculated in the limit δ(a)z , δ
(b)
z →∞:
Rδz =
dσγ∗d→ρd
dt
/
dσγ∗d→ρd
dt
(l− = ∆ρ = 0). (36)
In Fig.3 we show Rδz for photo- and leptoproduction in the kinematic domain of TJNAF
[28]. Here the characteristic longitudinal interaction distance for single scattering is typically
of the order of the deuteron size. For example at ν = 4GeV and t = −0.2GeV 2, one
finds δ(a)z ≈ 2 fm. Consequently we observe at small −t<∼0.4GeV 2, where the Born term
dominates, a strong dependence of the production cross section on ν and Q2. Indeed at
t ∼ −0.1GeV 2 an increase in the photon energy5 from 3GeV to 6GeV leads to a 15% rise
of Rδz . In leptoproduction at t ∼ −0.1GeV 2 and ν = 6GeV an increase of Q2 from 0.5GeV 2
to 2GeV 2 yields a decrease of Rδz by approximately 50%. At large −t > 0.7GeV 2, where
double scattering dominates, only minor variations of the production cross section occur
since here smaller proton-neutron distances are probed.
If vector meson production is considered at higher photon energies effects from finite
longitudinal interaction distances occur too, however at larger values of Q2. As an example
5Note that the validity of vector meson dominance [2] demands a minimal photon energy ν>∼3GeV .
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we present in Fig.4 the cross section ratio Rδz for ν = 30GeV and Q
2 = (2 − 10)GeV 2.
This kinematic region is accessible at HERMES [29]. Although at Q2 > 2GeV 2 vector
meson dominance does not describe the Q2-dependence of the nucleon production amplitude
f γ
∗N→V N properly, in the ratio Rδz to a good approximation any Q
2-dependence of the
single scattering amplitude drops out. Therefore in the domain where the Born contribution
dominates, i.e. at −t<∼0.4GeV 2, the presented results should be reasonable. As before we
observe at t ∼ −0.1GeV 2 a strong rise of the production cross section for decreasing values of
Q2. Double scattering, which dominates the cross section at large |t|, will depend sensitively
on Q2 due to color coherence effects. Therefore at large Q2 > 2GeV 2 and −t > 0.4GeV 2
the cross section ratio Rδz calculated within vector meson dominance should be considered
as a baseline estimate assuming color coherence effects to be absent.
Coherent vector meson production from polarized deuterons provides further possibilities
to investigate effects due to a change of the characteristic longitudinal interaction length. If
the polarization of the scattered deuteron is not observed the Born cross section is propor-
tional to the deuteron density matrix (see Appendix B and C):
ρs,m
(
l⊥
2
,− l−
2
)
=
∑
m′
Ss,mm
′
d
(
l⊥
2
,− l−
2
)
Ss,mm
′
d
(
l⊥
2
,− l−
2
)†
. (37)
Note that l enters on the left- and right-hand side of Eq.(37) as a consequence of the recoil
of the final state (Appendix A). Choosing the spin quantization axis parallel to the photon
momentum q, which we denote by s = 1, one finds for m = 0 (C3):
ρ1,0
(
l⊥
2
,− l−
2
)
= F 2C(l˜/2) +
[
3l2−
l˜2
− 1
]√
2FC(l˜/2)FQ(l˜/2) +
[
3l2−
l˜2
+ 1
]
F 2Q(l˜/2)
2
, (38)
where l˜2 = l2⊥ + l
2
−. FC and FQ are the deuteron monopole and quadrupole form factors as
defined in the appendix (C2). For the Paris potential [30] they are shown in Fig.5. In the
limit l− = 0 the density matrix reduces to:
ρ1,0
(
l⊥
2
, 0
)
=
(
FC(l⊥/2)− 1√
2
FQ(l⊥/2)
)2
. (39)
with l⊥ = |l⊥|. From Fig.6 we observe that ρ1,0(l⊥/2, 0) = 0 for l⊥ ≈ 0.7GeV , leading
to the disappearance of the single scattering contribution. Consequently for l− ≪
√
−t/3
the production cross section is dominated by double scattering contributions at t ≈ −l2⊥ ≈
−0.5GeV 2. We therefore expect in this region of t a strong energy dependence of the Born
contribution since l− ∼ 1/δ(a)z ∼ 1/ν.
In Fig.7 we show the ρ-meson photoproduction cross section (28)
dσ1,0γ∗d→ρd
dt
=
∑
m′
dσ1,0m
′
γ∗d→ρd
dt
. (40)
for different photon energies. We indeed observe a significant energy dependence of the Born
contribution at t ≈ −0.5GeV 2. Combined with double scattering it leads to a decrease of
the production cross section at t ≈ −0.35GeV 2 of more than two orders of magnitude if the
photon energy rises from ν = 3GeV to 10GeV .
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D. Color coherence effects at large |t|
In Sec.III B we have demonstrated that within the framework of vector meson domi-
nance double scattering dominates the coherent production cross section at −t > 0.6GeV 2.
However, as outlined in the introduction, at large Q2 ≫ 1GeV 2 the hadronic state which
is formed in the interaction of the virtual photon with a nucleon is in general not a vector
meson as in vector meson dominance, but a quark-gluon wave packet with a characteristic
transverse size bej ∼ 1/Q. If the energy of this ejectile is large enough, such that its forma-
tion time τf ≈ 2ν/δm2V exceeds the target size, it will be the ejectile which re-scatters from
the second nucleon. One therefore expects double scattering to vanish at Q2 ≫ 1GeV 2
and ν > 〈r2〉1/2d δm2V /2 ≈ 10GeV . This color coherence or color transparency effect can
be investigated through the Q2-dependence of the vector meson production cross section in
kinematic regions where it is most sensitive to re-scattering. However, for this purpose it is
mandatory to account for eventual modifications due to a change of the characteristic lon-
gitudinal interaction lengths δ(a)z and δ
(b)
z from Eqs.(33,34). Or, even better, the kinematics
should be chosen such that these length scales stay constant.
In Fig.8 we present a baseline calculation for coherent ρ-production from unpolarized
deuterons within vector meson dominance. For different values of Q2 the corresponding
photon energies ν are chosen such that x = 0.1. At large values of ν we then have δ(a)z ≈
δ(b) ≈ 1/Mx ≈ 2 fm. We normalize the production cross section by the cross section taken
at t = tmin and show the ratio:
R =
dσγ∗d→ρd
dt
/
dσγ∗d→ρd
dt
(t = tmin). (41)
Note that in R any Q2- and ν-dependence of the initial photoproduction process cancels.
In addition we show in Fig.8 the corresponding cross section ratio RBorn which accounts for
single scattering only. We observe that at large −t>∼(0.8−1)GeV 2 the full production cross
section is approximately a factor 2.5–5 larger than the Born contribution. This difference is
the maximal effect which can be caused by color coherence: at small Q2 < 1GeV 2 vector
meson dominance is applicable and the hadronic state which re-scatters can be represented
by a soft vector mesons. Consequently the cross section ratio should be identical to R.
However if, as a consequence of color coherence, double scattering is absent at large Q2 and
large ν, only single scattering contributes to the production cross section and yields the ratio
RBorn.
The difference between the Born cross section and the full production cross section in
absence of color coherence can be enhanced, if one considers the ratio of the cross sections
at large and moderate |t|. In absence of color coherence vector meson production at large
|t| is dominated by double scattering and the overall cross section is larger than the Born
contribution. However at moderate t ∼ −0.4GeV 2 the interference of the double and single
scattering amplitude is important and leads to an overall production cross section being
smaller than the Born term. Taking the ratio of both gives an enhanced sensitivity to the
double scattering contribution and thus to eventual color coherence effects. Furthermore in
such a cross section ratio any Q2-dependence, apart from being caused by color coherence,
cancels to a large extend. In Fig.9 we present the ratio of the ρ-meson production cross
sections from unpolarized deuterons at x = 0.1 for t = −0.4GeV 2 and t = −0.8GeV 2. The
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Born cross section and the full vector meson dominance calculation differ by a factor of 4,
leaving reasonable room for an investigation of color coherence.
E. Color coherence at moderate |t|
At moderate values of |t| vector meson production from unpolarized deuterons is largely
dominated by the Born contribution. For polarized targets, however, even here kinematic
windows exist where the Born contribution is small and the production cross section becomes
sensitive to re-scattering.
We first consider a deuteron target with spin projection m = 0 along the photon momen-
tum q (labeled as previously by s = 1). For such a polarization we have found in Sec.IIIC
a dip in the Born cross section at t ≈ −0.5GeV 2. The latter, however, depends strongly on
l− or, equivalently, the longitudinal interaction length δ
(a)
z . To suppress this dependence we
consider the ratio:
R1,0 =
dσ1,0γ∗d→ρd
dt
/
dσ1,0γ∗d→ρd
dt
(t = tmin) , (42)
for various Q2 but at fixed values of x. In Fig.10 we compare R1,0 with the corresponding
cross section ratio R1,0Born obtained from single scattering only. As expected, at small x
the Born contribution develops a minimum at t ≈ −0.5GeV 2. Here we find at x = 0.05
an order of magnitude difference between the Born and the full vector meson dominance
cross section. At x = 0.001 the difference is even larger than two orders of magnitude.
Therefore an investigation of the Q2-dependence of the cross section ratio R1,0 in the region
t ≈ −0.5GeV 2 can serve as a tool to investigate double scattering contributions to vector
meson production and thus color coherence.
An even more interesting choice for the target polarization is to take the spin projection
m = 0 perpendicular to the vector meson production plane, i.e. parallel to κ = q× l, which
we label as s = 2. The corresponding deuteron density matrix for the Born cross section
reads (C3):
ρ2,0
(
l⊥
2
,− l−
2
)
=
(
F 2C(l˜/2)−
1√
2
FQ(l˜/2)
)2
, (43)
irrespective of the magnitude of the longitudinal momentum transfer l−. Consequently, for
this target polarization a node in the Born contribution occurs for l˜ = 0.7GeV , which again
corresponds for the large energies considered approximately to t ≈ −0.5GeV 2. In Fig.11
we show the t-dependence of the cross section ratio R2,0 defined similar to Eq.(42). The
observed node in the Born contribution leads to a perfect window for an investigation of
double scattering.
Finally we consider the cross section for tensor polarization normalized by the unpolarized
production cross section:
Ad =
dσ2,1/dt+ dσ2,−1/dt− 2dσ2,0/dt
dσ/dt
, (44)
where the spin quantization axis is taken parallel to κ. In comparison to the corresponding
asymmetry for the Born contribution we find a significant sensitivity to double scattering
at −t > 0.6GeV 2 as demonstrated in Fig.12.
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IV. CONCLUSIONS
Coherent leptoproduction of vector mesons from deuterium provides unique possibili-
ties to investigate the characteristic longitudinal interaction length in high-energy photon-
induced processes, and to search for color coherence phenomena. We have presented a
derivation of the corresponding amplitudes including the recoil of the scattered deuteron.
The latter is neglected in common derivations based on the Glauber multiple scattering
formalism, but turns out to be important in the case of non-forward production processes
from light nuclei.
We have identified kinematic regions where vector meson production is influenced signif-
icantly by variations of the longitudinal interaction length of the photon which depends in a
specific way on the photon energy and the momentum transfer. Several possibilities for an
investigation of the latter in the kinematic domain of TJNAF and HERMES are outlined.
A further issue of this work was the identification of kinematic windows where the vec-
tor meson production cross section is most sensitive to re-scattering contributions. Here
the propagation of small size quark-gluon configurations, which are initially produced in
high-energy lepton-nucleon interactions at large Q2, can be studied. We found promis-
ing signatures for color coherence in the kinematic domain of HERMES. For unpolarized
deuteron targets they involve large momentum transfers −t>∼0.6GeV 2, while for polarized
targets re-scattering can be investigated already at moderate −t ∼ 0.5GeV 2.
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APPENDIX A: NUCLEAR RECOIL
In collisions at finite momentum transfer, t = l2 6= 0, a proper consideration of the
longitudinal interaction length (33) and (34) goes beyond the conventional Glauber multiple
scattering formalism which neglects nuclear recoil, i.e. the energy difference of the nucleus
before and after the interaction (see e.g. [31]). As a consequence of the nuclear recoil the
arguments of the scattered two-nucleon wave function in the amplitudes (2) and (4) depend
on l− = l0 − lz instead of lz as in the conventional Glauber approximation.
To clarify this issue recall that high-energy processes develop near the light-cone |z−t| ≈
0. Therefore they are naturally described in a light-cone description where the “−” and the
transverse momentum components are conserved. As a result the deuteron wave function
depends on the light-cone fraction of the deuteron momentum carried by the interacting
nucleon, α = pd−−ps−
pd−
, and on ps⊥, where pd and p
µ
s = (ps0,ps⊥, psz) are the four-momenta
of the deuteron and the spectator nucleon, respectively (Fig.1).
We consider the scattering process in a frame where the deuteron target is at rest. In
addition we take the momentum of the virtual photon along the z-axis. The invariant mass
of the initial two-nucleon system is:
M2i =
M2 + p2s⊥
α(1− α) , (A1)
where M denotes the nucleon mass. For the single scattering process the mass of the two-
nucleon system after the collision is:
M2f =
M2 + p2s⊥
1− αf +
M2 + (l⊥ − ps⊥)2
αf
− l2⊥ =
M2 + (αf l⊥ − ps⊥)2
αf(1− αf) . (A2)
where the final state, two-nucleon system is characterized by the variables:
αf = 1− ps−
pd− + l−
, and pf⊥ = αf l⊥ − ps⊥. (A3)
On the other hand in the center of mass the invariant mass of the two-nucleon system before
and after the interaction depends on the nucleon three-momentum only: M2i ≈ 4(M2 + p2s)
and M2f ≈ 4(m2 + p2f ). One then obtains in the non-relativistic limit:
α =
1
2
(
1 +
psz
M
)
, αf =
1
2
(
1− pfz
M
)
, and pfz = −psz − l−
2
. (A4)
Consequently the wave function of the target deuteron depends on psz and ps⊥, while in
the wave function of the final two-nucleon system pfz = −psz − l−/2 and pf⊥ = −ps⊥ +
1
2
(1− pfz
M
)l⊥ ≈ −ps⊥+ l⊥/2 enters. Note that l0 =
√
M2f + l
2−Mi corresponds to the recoil
energy of the target.
Similar considerations can be repeated for the re-scattering process shown in Fig.1b. Here
the light-cone momentum fraction of the nucleon in the intermediate state (after interacting
with the photon) is:
αf =
pd− − ps− + l− − k−
pd− + l−
=
pd− − ps− + l− − k−
pd−
pd−
pd− + l−
. (A5)
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where kµ = (k0,k) = p
′µ
s − pµs . In the non-relativistic limit one obtains:
αf ≈ 1
2
(
1− pfz
M
)
=
1
2
(
1 +
psz
M
+
l−
2M
− k−
M
)
. (A6)
We then get:
pfz = − l−
2
+ k− − psz, (A7)
which corresponds to the longitudinal momentum component which enters the wave function
in the double scattering amplitude in Eq.(4).
Note that in a light-cone approach which is necessary for a proper treatment of the
production process at large momentum transfers −t ≥ (1− 2) GeV 2 one needs to introduce
relativistic deuteron wave functions. The corresponding light-cone transition form factor
[32] naturally accounts for the recoil of the final nuclear system:
S(k⊥, l−) =
∫
dα
α(1− α)d
2k⊥ψd(α,p⊥)ψd(α
′,p⊥ − k⊥(1− α′)), (A8)
where α′ = (α + l−/M)/(1 +
l−
2M
).
APPENDIX B: PHOTOPRODUCTION AMPLITUDES
Within the framework of vector meson dominance one obtains for the squared vector
meson production amplitude for a deuterium target from Eqs.(2) and (12):
∣∣∣F jj′d
∣∣∣2 = ∣∣∣F sm,m′d
∣∣∣2 = F (a)F (a)† + 2Re (F (a)F˜ (b)†)+ F˜ (b)F˜ (b)† +
2Re
(
F (a)∆F (b)†
)
+ 2Re
(
F˜ (b)∆F (b)†
)
+∆F (b)∆F (b)†. (B1)
The different terms are:
F (a)F (a)† = 4
∣∣∣f γ∗N→V N(l)∣∣∣2 Ss,mm′d (l⊥/2,−l−/2)2,
(B2a)
2Re(F (a)F˜ (b)†) = −2Im
{
f γ
∗N→V N(l)Ss,mm
′
d (l⊥/2,−l−/2)
×
∫
d2k⊥
(2π)2
f γ
∗N→V N(l⊥/2− k⊥)†fV N→V N(l⊥/2 + k⊥)†Ss,mm′d (k⊥,−∆V )
}
,
(B2b)
F˜ (b)F˜ (b)† =
1
4
∫
d2k⊥
(2π)2
d2k′⊥
(2π)2
f γ
∗N→V N(l⊥/2− k⊥) fV N→V N(l⊥/2 + k⊥)
×f γ∗N→V N(l⊥/2− k ′⊥)† fV N→V N (l⊥/2 + k ′⊥)†Ss,mm
′
d (k⊥,−∆V )Ss,mm
′
d (k
′
⊥,−∆V ),
(B2c)
2Re(F (a)∆F (b)†) = −Re


√
8
π
f γ
∗N→V N (l)Ss,mm
′
d (l⊥/2,−l−/2)
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×
∫
d2k⊥
(2π)2
f γ
∗N→V N (l⊥/2− k⊥)† fV N→V N (l⊥/2 + k⊥)†∆Ss,mm′d (k⊥,−∆V )
}
,
(B2d)
2Re(F˜ (b)∆F (b)†) = −Im
{
1√
2π
∫
d2k⊥
(2π)2
d2k′⊥
(2π)2
f γ
∗N→V N(l⊥/2− k⊥)
× fV N→V N(l⊥/2 + k⊥)f γ∗N→V N(l⊥/2− k ′⊥)† fV N→V N(l⊥/2 + k ′⊥)†
× Ss,mm′d (k⊥,−∆V )∆Ss,mm
′
d (k
′
⊥,−∆V )
}
,
(B2e)
∆F (b)∆F (b)† =
1
2π
∫
d2k⊥
(2π)2
d2k′⊥
(2π)2
f γ
∗N→V N(l⊥/2− k⊥) fV N→V N(l⊥2 + k⊥)
×f γ∗N→V N(l⊥/2− k ′⊥)† fV N→V N (l⊥/2 + k ′⊥)†
×∆Ss,mm′d (k⊥,−∆V )∆Ss,mm
′
d (k
′
⊥,−∆V ). (B2f)
APPENDIX C: DEUTERIUM FORM FACTOR AND DENSITY MATRIX
In coherent vector meson production processes the form factor which enters in Eqs.(2,12)
is the elastic deuteron form factor. It can be split into a monopole and a quadrupole term
(see e.g. Ref. [33]):
Ss,mm
′
d (l) = χ
m†
d

Fc(l)− FQ(l)
√
1
8
Sˆ(l)

χm′d . (C1)
Here χmd is the deuteron spinor, Sˆ(l) = 3(σp · l)(σn · l)/l2−σp ·σn the tensor operator and
l = |l|. The index s specifies the spin quantization axis, while m,m′ = 0,+,− label the spin
projection of the deuteron before and after the interaction, respectively. The monopole and
quadrupole form factor can be expressed in terms of u and w, the radial S- and D-state
wave functions of the deuteron:
FC(l) =
∞∫
0
dr
[
u2(r) + w2(r)
]
j0(lr),
FQ(l) =
∞∫
0
dr
[
u(r)− 1√
8
w(r)
]
2w(r)j2(lr). (C2)
If the spin polarization of the final state deuteron is not observed the coherent scattering
amplitudes can be written in terms of the density matrix [34]:
ρs,m(l1, l2) =
∑
m′
Ss,mm
′
d (l1)S
s,mm′
d (l2)
† = FC(l1)FC(l2)
+
1√
2
{[
3|l2 · ǫms |2
l22
− 1
]
FC(l1)FQ(l2) +
[
3|l1 · ǫms |2
l21
− 1
]
FC(l2)FQ(l1)
+
[
9
(l1 · ǫms )(l1 · ǫms )∗l1 · l2
l21 l
2
2
− 3|l1 · ǫ
m
s |2
l21
− 3|l2 · ǫ
m
s |2
l22
+ 1
]
FQ(l1)FQ(l2)
2
}
. (C3)
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Here ǫms is the polarization vector of the target deuteron. For spin quantization parallel to
the z axis we have:
ǫ+ =
−1√
2

 1i
0

 , ǫ− = 1√
2

 1−i
0

 , ǫ0 =

 00
1

 . (C4)
Note that for practical purposes the representation of the spin density matrix in (C3) in
terms of the polarization vector ǫms is very useful since it is applicable for any choice of the
spin quantization axis after rotating the polarization vectors appropriately.
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Figure 1
Single scattering (a) and double scattering contribution (b) to exclusive vector meson
production in photon-deuteron collisions.
23
10
-1
1
10
10 2
10 3
10 4
10 5
0 0.2 0.4 0.6 0.8 1 1.2 1.4
-t [GeV2]
ds
/d
t  
[n
b/
(G
eV
)2 ]
Figure 2
The cross section dσγd→ρd/dt for photoproduction of ρ-mesons from unpolarized deu-
terium. The full curve shows the result of our calculation within vector meson dominance.
The dashed, dotted and dash-dotted lines account for the Born, interference, and double
scattering contribution, respectively. The experimental data are from Ref. [26,27] taken at
a photon energy ν = 12GeV .
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Figure 3
The cross section ratio Rδz from (36) plotted against t for photoproduction (a) and
leptoproduction (b) at ν = 6GeV .
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Figure 4
The cross section ratio Rδz from (36) for ν = 30GeV and various values of Q
2.
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Figure 5
The momentum dependence of the deuteron form factor (C2) for the Paris potential
[30]. The charge, FC , and quadrupole form factor, FQ, are shown as well as the combination
FC − FQ/
√
2.
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Figure 6
The deuteron density matrix ρ1,m from (37) for a spin quantization axis parallel to the
photon momentum q. The dashed and dash-dotted lines correspond to spin projections
m = 0 and m = 1, respectively. The density matrix for an unpolarized deuteron is shown
by the solid curve.
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Figure 7
The differential cross section dσ10γd→ρd/dt for the photoproduction of ρ-mesons from polar-
ized deuterium for different photon energies. The target polarization is fixed at m = 0 with
respect to the photon momentum (s = 1). The solid curves show the complete vector meson
dominance result. The dotted curves represent the Born contribution only. The dashed
and dash-dotted curves show the full and the Born cross section for infinite longitudinal
interaction lengths δ(a)z , δ
(b)
z →∞.
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Figure 8
The cross section ratio R from (41) for x = 0.1 and various values of Q2. The solid lines
represent the complete result of vector meson dominance. The dashed curves show the Born
contribution.
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Figure 10
The cross section ratio R1,0 from (42) for x = 0.1, 0.05, 0.01, and various values of Q2.
The solid lines represent the complete vector meson dominance calculation. The dashed
curves show the Born contribution.
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Figure 11
The cross section ratio R2,0 (43) for x = 0.1 and various values of Q2. The solid lines
represent the complete vector meson dominance calculation. The dashed curves show the
Born contribution.
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Figure 12
The tensor polarization asymmetry Ad from (44) for x = 0.1 and various values of Q
2.
The spin quantization axis is chosen parallel to κ ∼ q× l. The solid lines represent the com-
plete vector meson dominance calculation. The dashed curves show the Born contribution.
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